Abstract: In this paper, a new method for obtaining the array manifold in sensor array beampattern design and optimization is proposed. The basic idea behind the proposed method is replacing the theoretical obtained or experimentally measured array manifold by the calculated one, which is obtained by calculating the sound field at each element positions in the array. The acoustical boundary element method is used to calculate the sound field and the array manifold is obtained by accumulating the values at all sensor in all interested directions. By doing so, the effects of the array supporting structure or baffle can be included so as to yield a result which is more approaching the practical situation, and at the same time, avoids the tedious work of practical measurements. A conformal array with 27 sensors was designed and built and analyzed by the proposed method. The calculated sensor directivity by the proposed method has a similar tendency with that measured in an anechoic watertank, and the design requirements of beampatterns which use the optimized weighting coefficient obtained from the array manifold calculated by the proposed method are well met in practical system. The simulation results have verified the effectiveness and feasibility of the proposed method.
INTRODUCTION
Array signal processing has been widely used in sonar, radar, wireless communications, and so on. Beampattern design and optimization is one of the major components in array signal processing [1, 2] . So far, a majority of researches on beamforming is based upon the known array manifold [3] [4] [5] , so that obtaining array manifold realistically plays a very important role in beampattern design and optimization either for the most conventional beamformer or for adaptive beamformer.
An analytical calculation [6] that traditional methods usually adopted to obtain the array manifold is dependent on the position vectors of array sensors, with assumptions that the sensors are identical and omni-directional [7, 8] . In practice however, the structural scattering and shadowing of array have the significant effects on array beampattern design and optimization, especially when array sensors are mounted on an arbitrary non-transparent structure or array has a non-transparent baffle. Therefore, beampattern will be greatly distorted by using this ideal array model in practice, which called array model mismatch [9] .
In many applications, to avoid array model mismatch aforementioned, the method for measuring array manifold [10] is presented and used to replace the theoretical one based on ideal array model and ideal environment conditions in the design of the weighting vectors. However, measuring the array manifold in practice is hardly to use because it is a tedious work with consumption of large amounts of financial and material resources, and sometimes a very difficult tack since a good environment is required to meet the far-field assumption.
In this paper, a new method is proposed to calculate the array manifold by using the acoustical boundary element method, and the result is applied to the beampattern design and optimization. A conformal array with 27 sensors was constructed and tested in an anechoic water-tank, which validated the effectiveness of the proposed method. The comparison between the calculated and measured sensor directivities shows that the results obtained based on the calculated array manifold have a similar tendency with the measurements, and the design requirements of beampatterns which use the optimized weighting coefficient Ã e-mail: byang@yahoo.cn obtained from the array manifold calculated by the proposed method are well met in a practical system. By using this method, array model mismatch can be avoided, and array manifold can be predicated before array is physically built and tested in under practical condition.
CALCULATION OF ARRAY MANIFOLD BASED ON IDEAL ARRAY MODEL
Consider an M-element array with an arbitrary geometry, as shown in Fig. 1 , receiving signals from sources in the far field of the array.
The position vector of the mth element, r m , is defined as r m ¼ ðr xm ; r ym ; r zm Þ ¼ ðr m sin 0 m cos m ; r m sin 0 m sin m ; r m cos 0 m Þ;
where r m ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi r 2 xm þ r 2 ym þ r 2 zm p is used to denote the distance from the mth element to the origin of coordinate, and m and 0 m represent the azimuth angle and the elevation angle of the mth element, respectively.
Assume that the array receive a signal in direction Àr, r ¼ ðsin 0 cos ; sin 0 sin ; cos 0Þ ð 2Þ
Take the origin of coordinate as the reference point, then the signal in the far field of the array will give a relative time delay at the mth element as
where c is the sound speed in water.
If the signal received at the coordinate origin is denoted by sðtÞ, then the mth element output x m ðtÞ is given by
where n m ðtÞ (m ¼ 1; 2; Á Á Á ; M) is the additive noise at the mth element, including ocean environmental noise and the thermal noise. Thus, the array output can be written in vector-matrix form, as 
where að f c ; 0; Þ represents the array steering vector for the signal at the frequency f c from the incident direction ð0; Þ.
Varying the incident direction of the signal within the angular range of interest represented by ðÈ; ÂÞ, a collection of array steering vectors calculated using (7) forms the array manifold as following
The analytical expression derived above for the array manifold is based upon ideal array model, and the main assumptions are that all sensors are identical and have the same sensitivity in all directions. In practical systems, however, when sensors are mounted on an arbitrary nontransparent structure or the array has a non-transparent baffle, usually the sensors do not have uniform responses in different directions. The structural scattering and shadowing of the array have significant effects on the array manifold. So, it is necessary to use some more practical model for the array manifold to replace the ideal one in formula (8) in array beampattern design and optimization, so as to provide more robust performance. Taking the structure scattering and shadowing of the array, the measurement of the array manifold is used in practice.
MEASUREMENT OF ARRAY MANIFOLD
The process to obtain the array manifold in practical systems is shown in Fig. 2 .
Assume the narrowband signal after A/D conversion can be expressed as,
where f ¼ f c = f s , f c is the frequency of the signal and f s is the sampling frequency. Multiplying xðnÞ with the exponential function of the same frequency, we have yðnÞ ¼ xðnÞ expðÀj2% fnÞ Averaging N samples yields
After some manipulation, formula (11) becomes as
when N ¼ m=2 f ðm ¼ 1; 2; Á Á ÁÞ, formula (12) can be reduced as
And in this way, we are able to obtain the amplitude and phase of the signal. If m=2 f is not an integer, N can take the value nearest to it. Processing the outputs of all sensors in the array will form the array response to a narrowband signal in a particular direction. Collecting the array responses in all the directions of interest, the array manifold of a practical acoustic sensor array can be obtained.
However, measuring the array manifold in practice is a tedious work with consumption of large amounts of financial and material resources, and sometimes a very difficult tack since a good environment is required to meet the far-field assumption. To avoid these difficulties in practical measurement, a new method is proposed in this paper to obtain the array manifold based on sound field calculation. The method is described with an example in next section.
CALCULATION OF ARRAY MANIFOLD BASED ON SOUND FIELD CALCULATION
The essence of the method proposed in this paper is to obtain the array manifold based on sound field calculation using the acoustical boundary element method. For a given array supporting structure, the acoustical boundary element method is used to calculate the array outputs when a test signal is assumed in far-field of the array so as to obtain the sensor responses including both amplitude and phase of each sensor. Varying the relative incident angle of the test signal to array will yield a collection of array responses in different directions and therefore form the array manifold.
After more than 30 years development, the boundary element method (BEM) has become a very powerful tool in acoustics and noise control [11] . There are now several commercial BEM software packages available, in particular SYSNOISE [12] developed by LMS, which has an extensive application in acoustic calculation. In this paper, SYSNOISE is implemented to the numerical method for calculating the array senor responses. Since SYSNOISE itself does not possess the ability to generate the boundary meshes, the finite element software ANSYS is used to fulfill it. The boundary element model is established as follows.
When a sound wave passes a point in a fluid medium which is homogeneous, the equation of acoustic is given by
where p is acoustic pressure, t is time variable, c is sound speed in fluid medium, and r 2 is Laplace operator. Equation (14) has the Helmholtz integral solution at the single-frequency [13] , can be expressed as
where r p is the position vector of observation point, r q is the position vector of an arbitrary point in space, ðr p Þ is a constant value depending on the position of r p , S is the smooth surface of structure, Gðr p ; r q Þ ¼ e ÀikRðr p ;r q Þ = 4%Rðr p ; r q Þ is Green function, and Rðr p ; r q Þ ¼ jr p À r q j.
To solve the Helmholtz integral equation (15) numerically, surface S is discretized into a number of elements ÁS n by using the boundary element method. Then equation (15) can be expressed as
where
and
When the observation point r p is on the exterior of surface S, equation (16) can be written in the matrix form, as Fig. 2 Process to obtain the array manifold.
When the observation point r p is in the internal of surface S, the matrix equation is obtained as
where P s is the column vector of sound pressures at the nodes on the sound surface, P 0 s;n is the column vector of sound pressure gradients at the nodes in the normal direction, and P f is the column vector of the sound field pressure.
Substituting equation (21) into equation (19), the sound field pressure is given by
SIMULATION AND EXPERIMENTAL RESEARCH
In this section, we will present some simulation and experimental results to show the effectiveness of the proposed method. A conformal array with a hemisphere supporting structure was used as an example in both simulation work and water-tank experiment. And both sensor directivities and beampatterns obtained from the calculated results and measured results were compared.
Array Description
Consider a 27-element array that is consist of two rows and conformal to the exterior of a hemisphere, as shown in Fig. 3 . The first row contains 14 sensors depicted by A1 to A14, and the angle between two adjacent sensors is 12 , and the array spans an arc of about 156
. The second row contains 13 sensors depicted by B1 to B13, and the angle between two adjacent sensors is 12.3 , and the array spans an arc of about 147. 6 . The diameter of the sensor element is 0.04 m. Material of hemisphere supporting structure is aluminum, and the hemisphere's diameter and thickness are 0.432 m and 0.015 m, respectively. For this array, identical circular piston sensors are used and the rigidly hemisphere is assumed to be air-filled and immersed in an unbounded water medium. The main assumptions are that the magnitude of acoustic waves propagating within the cavity is negligible, and the array sensors provide negligible impact on the hemisphere's response to a test signal. Sensor to sensor coupling is also assumed negligible. Thus, the sensor responses exclusively include incident acoustic waves and the structure scattering and shadowing acoustic waves.
Comparison of Sensor Directivities
When the hemisphere supporting structure of the array is neglected, the directivity of sensor is usually assumed as omni-directional. Array manifold can be calculated based on the ideal array model described in section 2. This gives very good results in theory. Unfortunately, big performance degradation may yield when applied in practical systems, due to the mismatch between the ideal model and practical situations. Furthermore, when array sensors are mounted on on-linear of non-planar geometries, the directivity of circular piston sensor which is a Sinc function can not be included easily in the design by using the Bridge theorem.
When using the method proposed in this paper to calculate the array manifold, firstly, the boundary element model of the conformal array in this example was created, as shown in Fig. 4 . Secondly, an acoustic source was assumed in the far field so that a plane wave signal can be obtained at the array. A CW signal with a frequency of 12:5 kHz was used, and the incident angle to the array varied from À135 to 135 with a step of 2 . As can be seen from Fig. 4 , the parallelogram indicates the wavefront of an acoustic plane wave which is used as a test signal Acoust. Sci. & Tech. 31, 2 (2010) assumed coming from an acoustic source in the far field of the array, and the hemisphere on the left side represents baffle. Array sensors are all located at the boundary nodes of the baffle. And then, the direct boundary element method with the commercial software package SYSNOISE was used to calculate the sensor responses (including both amplitude and phase of each sensor) to this test signal in 135 different directions. Finally, a collection of array responses in all the considered directions was used to form the array manifold.
To verify the effectiveness of the proposed method, water-tank experiment with the conformal array was carried out to obtain the array manifold in practical environments. The layout of the experiment is shown in Fig. 5 . In the experiment, the transmitting transducer was used to emit a test signal actively, and the conformal array was assembled on the rotating floor to vary the opposite directions to the incident test signal. The frequency of the test signal and the opposite directions to the test signal were the same as the simulation conditions above. The conformal array and the test signal source were about 5 m apart, and both were 3 m below the water surface. The sampling frequency of the experimental system was set to 200 kHz. Pulses with 3 ms were transmitted and 10 pulses were recorded in each direction. Sensor responses were recorded in each direction and collected in all the directions tested for off-line processing, and the array manifold of a practical acoustic sensor array can be obtained by using the method described in section 3. Figure 6 shows the sensor directivities obtained from the experiment and from the proposed method. Results of sensors #A5, #A14, #B1 and #B5 are given in Fig. 6(a) , Fig. 6(b), Fig. 6(c) and Fig. 6(d) , respectively. The reference value of normalization is the biggest maximum value of sensor responses of all sensors in all directions, which is different for the predicted and measured sensor directivities. For the considered array, the reference value is the maximum response of sensor #A14, as shown in Fig. 6(b) . Theoretically all sensors have the same directivity with no hemisphere baffle, but they show difference in directions when they are mounted on the non-transparent hemisphere. It can be seen that the calculated sensor directivity by the proposed method has a similar tendency with that measured in practice. In addition, we can see that different sensors show very different responses in the same direction, and the same sensor demonstrates variations in response to different directions due to the supporting structure. Due to the simplification of array boundary element modal by BEM, the inherent errors of the array system and the errors of underwater acoustical environment, however, difference between the measured sensor directivities and the calculated ones is evident in some directions for each element. But in section 5.3, these errors can be tolerated in subsequent beamforming and optimization.
Comparison of Beampatterns
The measured array manifold which is obtained in water-tank experiment is applied to design beampattern and optimization using the adaptive beamforming method developed by Olen and Compton [14] . The sidelobe level was set to 15 dB below the main lobe and equal at the sidelobe region. The corresponding optimal weighting coefficient for such an array is obtained and used to produce the desired beampatterns. Two of them are shown in Fig. 7(a) and Fig. 7(b) , with the mainlobes pointing in 0 and À15 , respectively. The structure scattering and shadowing have significant effects on the beamforming performance. In watertank experiment, distorted beampatterns yielded by using another optimized weighting coefficient obtained from the ideal array manifold with the same array design require- ments, as shown in Fig. 8(a) and Fig. 8(b) . From Fig. 8 , we can see that the sidelobe levels were much higher than the design requirements and the mainlobes suffered severe distortion. The main reason for this performance distortion is the mismatch between the ideal array model and the practical array geometry and structure, which in turn produces different array manifolds. Obviously, an ideally theoretical array model which neglects the effects of structural scattering and shadowing of the array greatly degraded the beamforming performance in a practical system. Using the proposed method of this paper, the array manifold for this particular array geometry with hemisphere supporting structure can be calculated by the acoustical boundary element method, and then is used in the beampattern design and optimization by Olen and Compton's method. The same optimization requirements are used as those for the aforementioned example and the optimized weighting coefficient is then used to generate the beampatterns pointing in different directions in Fig. 9 by the solid lines. Figure 9 (a) and (b) present the mainlobe pointing in 0 and À15 , respectively. To show the effectiveness of the proposed method, the distorted beampatterns in Fig. 8 are also given in Fig. 9 by the dotted lines. From Fig. 9 we can see that the beampatterns in solid lines have very low sidelobe (sidelobe level are 15 dB below the mainlobe). So, the design requirements are well met in this practical system. 
CONCLUSION
The structural scattering and shadowing in a practical array have significant effects on its array beampattern design and optimization. To avoid array model mismatch between the theoretical assumption in optimization and the practical system, measurement of array manifold is usually required. But this procedure is very time-consuming and highly environment-demanding. In this paper, we proposed a numerical method for obtaining the array manifold which includes the structural scattering and shadowing effects. The concept of this method is based on sound field calculation, using the acoustical boundary element method to calculate the array responses in all the directions of interest, and therefore forming the calculated array manifold. The calculated array manifold is applied to replace the manifold obtained by ideal array model or measurement in beampattern design and optimization. Water-tank experiments with a conformal array as an example were carried out to show the effectiveness and feasibility of the proposed method. By using the proposed method, the tedious work of measuring the array manifold in practice can be avoided and, at the same time, good performance in beampattern design and optimization is also maintained.
Furthermore, the array performance can be predicated before the array is physically built and tested in under practical condition which is very meaningful in designing practical sonar systems. .
